• Background and Aims Capsella is a model genus for studying the transition from outcrossing to selfing, with or without change in ploidy levels. The genomic consequences and changes in reproductive traits (selfing syndrome) associated with these shifts have been studied in depth. However, potential ecological divergence among species of the genus has not been determined. Among ecological traits, competitive ability could be relevant for selfing evolution, as selfing has been shown to be statistically associated with reduced competitiveness in a recent meta-analysis.
INTRODUCTION
Self-fertilization has frequently evolved from outcrossing in plants and also in some groups of animals, fungi and algae (Jarne and Auld, 2006 , Billiard et al., 2012 , Igic and Busch, 2013 . If not counteracted by too severe inbreeding depression, a selfing variant can rapidly invade thanks to its 50 % advantage in gene transmission and the reproductive assurance it procures when mate availability is limiting (Charlesworth, 2006) . The shift to selfing is often associated with a suite of reproductive, morphological and physiological changes -such as flower size reduction or reduced investment in male function -that collectively define the so-called selfing syndrome (Sicard and Lenhard, 2011) . In addition to the reduction in pollen gene flow induced by selfing, divergence in reproductive traits can promote reproductive isolation, making selfing a potential speciation mechanism . This has been shown in Solanaceae where shifts from outcrossing to selfing were preferentially associated with speciation (cladogenic shifts) rather than species replacement (anagenic shifts) (Goldberg and Igic, 2012) .
Beyond reproductive divergence, species must also diverge ecologically to allow species coexistence (Coyne and Orr, 2004) . If two species diverge only in their reproductive mode, one species should exclude the other through competition. Habitat shift is also observed between selfers and outcrossers. For example, selfers are more frequent under conditions in which obligatory outcrossers pay the demographic cost of mate limitation, such as disturbed and patchy habitats or newly available environments (Baker, 1967; Munoz et al., 2016) . Selfing is thus often associated with weedy habit (Clements et al., 2004) and invasiveness (van Kleunen et al., 2008) . Based on Grime's. competitor, stress-tolerator, ruderal (CSR) ecological strategies, a recent meta-analysis confirmed this trend and found an excess of selfers among ruderal species, corresponding to early colonizers in an ecological succession, whereas more competitive species tend to be outcrossers (Munoz et al., 2016) . This could be explained by a colonization/competition trade-off, with the evolution of better colonizing ability being at the cost of lower competitive ability (Burton et al., 2010) . Alternatively, selfing can have strong negative genetic effects in the long run, including the accumulation of weakly deleterious mutations (Wright et al., 2008; Glémin and Galtier, 2012) , which could reduce competitive ability (Agrawal, 2010; Agrawal and Whitlock, 2012) . For example, inbred individuals often suffer more from competition than outbred individuals (Cheptou et al., 2000 (Cheptou et al., , 2001 Yun and Agrawal, 2014) , but whether this pattern also applies at the species level is unknown. The negative genetic consequences of selfing are also classically proposed to explain the high extinction rate of selfing lineages, according to the dead-end theory of selfing evolution (Stebbins, 1957; Igic and Busch, 2013; Wright et al., 2013) . However, selfing species can appear ecologically and demographically successful, yet at the same time show signatures of genomic degradation (e.g. in the plant genus Collinsia: Randle et al., 2009; Hazzouri et al., 2013, or in some fresh-water snails: Burgarella et al., 2015) . A better characterization of ecological strategies associated with the evolution of selfing could improve our understanding of this apparent paradox. Under weak competition -when selection is softer (Agrawal, 2010) -selfing species could cope with high genetic loads whereas their persistence would be compromised under more intense competition.
As it is often associated with selfing/self-compatibility (Barringer, 2007; Robertson et al., 2011) polyploidy could also play a role in the fate of selfing lineages. Polyploidy is reported to increase competitiveness (Comai, 2005; te Beest et al., 2012) and to reduce genetic load, at least for a transient period after the formation of the polyploid species (Fisher, 1935; Otto and Whitton, 2000) . Thus, polyploidy could buffer the deleterious effects of selfing. Whatever the underlying causes, reduced competitive ability, modulated by the ploidy level, could also be a component of the selfing syndrome. However, while changes in flower traits associated with the evolution of selfing have been well characterized among closely related species (e.g. Fishman et al., 2002; Sicard and Lenhard, 2011; Kalisz et al., 2012) , we are not aware of any study characterizing competitive ability of selfing versus outcrossing-related species.
Capsella (Brassicaceae) is a model genus for studying the transition to selfing (Foxe et al., 2009; Guo et al., 2009; Slotte et al., 2013) , polyploidization (Slotte et al., 2008; Douglas et al., 2015) and their association with speciation mechanisms (Rebernig et al., 2015; Sicard et al., 2015) . The genus comprises four closely related species with contrasting mating systems and ploidy. The only outcrossing species in the genus, C. grandiflora, is restricted to western Greece and Albania. The three selfing species include two diploids: C. orientalis diverged from C. grandiflora about 1 Mya and C. rubella much more recently (30 000-50 000 years ago; Foxe et al., 2009; Guo et al., 2009) . The third selfing species, C. bursa-pastoris, is an allo-tetraploid with disomic inheritance that originated about 200 000 years ago as a hybrid between C. orientalis and C. grandiflora (Douglas et al., 2015) . A second tetraploid species, C. thracica, has also been considered (Hurka et al., 2012) , but its distinction from C. bursa-pastoris is not clear as the proposed scenarios for the two tetraploid species incorrectly assumed an autopolyploid origin of C. bursa-pastoris. The selfing species have much larger ranges than C. grandiflora, especially the tetraploid C. bursapastoris, with an almost worldwide distribution owing to recent colonization (Cornille et al., 2016) . The reproductive changes associated with the selfing syndrome and their genetic bases have been studied in depth, especially in C. rubella (Sicard et al., , 2016 Slotte et al., 2012; Neuffer and Paetsch, 2013) and all four species have been well characterized genetically. Capsella grandiflora has a very large effective population size and selection is very efficient (Slotte et al., 2010; Williamson et al., 2014) whereas the selfing species have much less genetic diversity than C. grandiflora and a strong genomic signature of accumulation of weakly deleterious mutations due to relaxed purifying selection (St Onge et al., 2011; Brandvain et al., 2013; Slotte et al., 2013; Douglas et al., 2015) .
To better characterize the ecological divergence among these species, we evaluated competitive ability of three of the four species, C. grandiflora, C. rubella and C. bursa-pastoris, whose distributions overlap in Greece and the Balkans. In a competition experiment we evaluated the sensitivity of the three species to competition and what level of competition they imposed on the other species. Our working hypothesis was that C. rubella should be more sensitive to competition than C. grandiflora and C. bursa-pastoris, and that C. grandiflora and C. bursapastoris should impose stronger competition than C. rubella. We discuss the potential implications of the results for the evolution of selfing species.
MATERIAL AND METHODS

Plant sampling and preparation
We studied three species of the genus Capsella: C. grandiflora (Fauché & Chaub.) Boiss. (diploid outcrosser), C. rubella Reut. (diploid selfer) and C. bursa-pastoris (L.) Medik (tetraploid selfer). We used 23 C. grandiflora maternal plants from ten populations, 20 C. rubella from 11 populations and 14 C. bursa-pastoris from six populations (listed in Supplementary Data Table S1 ). The different numbers among species were due to differences in the percentage of germination and survival of seedlings. To minimize ecological differences among species, all plants were sampled in the Greece/Balkans area where the three species can co-occur at the same locality (our personal observations). We also included an 'outgroup' competitor to impose a similar inter-species competition treatment to the three focal species. We chose Matricaria chamomilla, an annual Asteraceae species, which was found to co-occur with Capsella species in Greek populations and at least with C. bursa-pastoris in other European populations (our personal observations). More generally, Capsella species and M. chamomilla have overlapping distributions (Europe and temperate Asia) and a weedy habit, and both form rosettes before flowering.. In addition, commercial seeds were available for M. chamomilla, which ensured good germination and homogeneity among plants.
Seeds were surface-sterilized and sown into agar plates. Following sterilization, seeds were stratified in agar plates by keeping them for 5 d at 4 °C in complete darkness. Agar plates were then put into a growth chamber with 12-h/12-h artificial light/darkness cycles at 22 °C, with germination occurring approx. 5 d later. Seedlings that presented a radicle of at least 1 cm and well-developed cotyledons were used for the experiment. For an accession to be used as a focal plant, at least 15 of its seeds had to germinate to provide three replicate offspring for each of the five treatments (see below). All remaining seedlings were randomized and used as competitors.
Experimental design
We compared the performance of the three Capsella species when grown alone and under four competition conditions: intra-specific competition, inter-specific competition with the two other Capsella species, and inter-specific competition with M. chamomilla. For each treatment, the focal individual was sown in the middle of a square pot of approx. 11 × 11 × 11 cm, either alone or surrounded by four competitors sown at the corners of the pot. The number of competitors and the dimensions of the pots were chosen after preliminary tests that demonstrated competition effects. Each accession was replicated three times, with replicates randomly assigned to three separate growth chambers (blocks). All pots were randomized within each growth chamber.
We quantified both vegetative and reproductive performances. The diameter of the rosette of focal individuals was measured 3 weeks after seedling transfer into pots (diameter at t 1 ) and the following 2 weeks (diameter at t 2 and t 3 ).
Bolting started approximately 1 month after seedling transfer (depending on accessions) and flowering ranged from 3 to 4 weeks. The two selfers C. bursa-pastoris and C. rubella set fruits but the self-incompatible C. grandiflora set almost no fruit, because of the absence of insect or experimental pollination in growth chambers. The plants senesced (visually assessed as yellowing of the leaves) approximately 3 weeks after flowering began. At this time, we recorded the total number of flowers produced by focal individuals, corresponding to the total number of flower peduncles, at the end of the experiment. We used flower number, rather than fruit or seed number, to allow comparison between the three species. Note that we were not interested in absolute fitness comparison among species but rather the relative change in fitness due to competition.
Data analysis
Data were analysed with generalized linear mixed models in R. For all variables, block, species, treatment and all pairwise interactions were included as fixed effects and accessions as a random effect nested within species. Significance of the different factors was tested with deviance analyses using the Anova function of the car package in R (Fox and Weisberg, 2011) . Interactions were tested first; significant interactions were then kept to test for main effects (type III ANOVA).
Rosette diameters and growth rate were analysed using a mixed linear model fitted by maximum likelihood with the lme function of the nlme package (Pinheiro et al., 2017) . Growth rate was analysed as the difference between diameters at time t 3 and t 1 , adding diameter at time t 1 as a covariable to control for possible allometric effects. A preliminary analysis showed strong heteroscedasticity so we added a constant variance structure (using the varIndent function). We chose the variance structure giving the best fit according to Akaike information criterion (AIC) values. The flower number distribution was bimodal with a mode at 0 and another around 700 (see Results). It was therefore analysed in two steps. First, we analysed the proportion of flowering plants with a binomial model and a logit link using the glmer function of the R package lme4 (Bates et al., 2015) . Second, we excluded plants that did not flower and analysed flower number with a negative binomial model and a log link with the glmmadmb function of the glmmADMB package (Fournier et al., 2012; Skaug et al., 2013) . In this analysis, we were specifically interested in the species × treatment interaction term to determine whether the effect of competition differed among species.
To obtain a more direct and intuitive estimate of the sensitivity to competition of Capsella species, we defined the following competition index, comparing the performance of an accession under competition and without competition:
where W alone and W competition are the fitness-related traits of the focal accession without and with competition, respectively. The lower I c , the more sensitive the accession is to competition. I c was computed separately for each accession and for the four competition treatments in the three growth chambers. We analysed the I c index with a gamma model and a log link using the glmer function (Bates et al., 2015) . Interpretation of effects in this analysis is more straightforward: the species effect directly means that the species differ in sensitivity to competition and the treatment effect that the species impose different competitive effects. Mean effects were estimated with the lsmean function of the lmerTest package (Kuznetsova et al., 2017) . When significant effects were detected, differences between levels of the significant factor were tested using the contrast function, with false discovery rate (FDR) correction for multiple testing.
We compared the results of this analysis with competition indices obtained as the ratios of mean flower numbers estimated in competition and alone from the previous analysis (instead of mean effects of ratio). We also used the product of the proportion of flowering and flower number estimates as a proxy of total female fitness and, similarly, took the ratio of estimates in competition and alone.
RESULTS
After transplantation, seedlings had high proportion of survival (99, 91 and 99 % for C. bursa-pastoris, C. grandiflora and C. rubella, respectively) and flowering (82, 82 and 91 %, respectively, not significantly different, see Table 1 ). The three species produced a large number of flowers, 607 for C. bursapastoris, 1296 for C. grandiflora and 666 for C. rubella on average (Fig. 1) . For all traits we detected a significant competition effect, with plants alone performing better than with competitors. The accession effect was significant for all traits and block effect for all traits except diameter at t 3 and flowering rate (Table 1 and Supplementary Data Table S2 ). For vegetative traits we detected no difference in sensitivity to competition treatment among species. The three species did not differ significantly, either for rosette diameter (Supplementary Data Table S2 and Fig. S1 ) or for growth rate (Table S2 and Fig. S2) , and all species suffered equally from competition for vegetative traits (no significant species × treatment interaction, Table S2 ). Introducing a variance structure significantly increased model fits. However, the results were similar when heteroscedasticity was not taken into account (Table S3) .
In contrast, all factors and all pairwise interactions were significant for flower number (Table 1 and Fig. 1 ). In particular, the three species were differently sensitive to competition treatment (significant species × treatment interaction). To facilitate the interpretation of these interactions we analysed the competition index for flower number. Species differed in their sensitivity to competition (species effect) as well as in their capacity to impose competition on others (treatment effect); however, species and treatment only had marginally significant interacting effects (Table 2 , P = 0.058). The three Capsella species induced similar levels of competition (no significant difference) but the 'outgroup' M. chamomilla induced significantly less competition (P-value of contrasts = 0.005, 0.051 and 0.009 with C. bursa-pastoris, C. grandiflora and C. rubella respectively, after FDR correction).
The diploid selfer C. rubella was the most sensitive to competition with competition index ranging from 0.56 to 0.69 depending on the competitor (least-square estimates based on the model with all interactions, see Figure 2 ). The tetraploid selfer C. bursa-pastoris, was significantly less sensitive to competition than C. rubella with competition index ranging from 0.70 to 1.06 (P = 0.0013, contrast between C. rubella and C. bursa-pastoris after FDR correction). The diploid outcrosser, C. grandiflora, was intermediate with competition index ranging from 0.59 to 0.87 but was not significantly different from any of the two other species (P = 0.113 and 0.125, compared with and C. bursa-pastoris and C. rubella, respectively, after FRD correction). However, taking into account the marginally significant species × competitor interaction, the difference among the three species depended on whether the competitor is C. rubella or another species. Capsella grandiflora was the most sensitive to competition by C. rubella although the difference was not significant (Fig. 2 and Supplementary Data Tables S4 and S5 ). For the other competitors, we found the same ranking as for the global analysis but both C. bursa-pastoris and C. grandiflora were significantly less sensitive to competition than C. rubella (P = 0.0008 and 0.0233, respectively, after FDR correction), but not different from each other (P = 0.318, after FDR correction, see Tables  S4 and S5) .
Finally, we compared these results with competition indices measured as the ratio of mean numbers of flowers for plants alone or in competition estimated in the initial model (Supplementary  Data Table S6 ). Competition indices were slightly lower but very highly correlated (r Pearson = 0.989) indicating the robustness of our results (white segments in Fig. 2 ). Taking flowering rate into account in the computation of competition indices also left conclusions unchanged (white dots in Fig. 2) . 
DISCUSSION
Variation in competitive ability among Capsella species
Selfing recently evolved from outcrossing in the genus Capsella, with or without change in ploidy level. This was associated with drastic changes in morphological and functional reproductive traits, making Capsella a good model to study selfing syndrome evolution (Sicard et al., , 2016 Slotte et al., 2012; Neuffer and Paetsch, 2013) . Here, we characterized further the divergence among three of these species, focusing on competitive ability, which has been found to be negatively associated with selfing in a meta-analysis (Munoz et al., 2016) . Competition affected the three species to the same extent for vegetative traits but its effect differed significantly among species for flower number. On average the diploid selfer C. rubella suffered proportionally more from competition than the tetraploid selfer C. bursa-pastoris. The diploid outcrosser C. grandiflora was intermediate but not significantly different from C. bursa-pastoris. Depending on the competitor, C. grandiflora was either significantly less sensitive to competition than C. rubella or not significantly different. The interpretation of these results could be obscured by trade-offs between growth and reproduction, as delay in reproduction usually leads to bigger plants with higher fecundity (e.g. Roff, 2000) . The level of competition experienced by individuals could thus depend on their growth rate. However, we also found no difference among species for the three measures of diameter or for growth rate (Supplementary  Data Tables S2 and S4 ). Moreover, this issue is less pronounced in annual species with short life cycles (few months here) (de Jong and Klinkhamer, 2005) . No significant difference was observed between the three Capsella species acting as competitors. This could be due to the low power of the experimental design to detect such an effect, but it suggests that the nature of the competitor has a weaker effect than competition itself. Only the 'outgroup' M. chamomilla had lower competitive effect, suggesting that the most distant species has different resource requirements, and hence weaker competitive interaction. These results partly match the prediction that competitiveness should decrease with selfing (Munoz et al., 2016) . However, additional studies in other I c (535 observations) was analysed with a gamma model with gamma link. The 'competitor' factor is equivalent to the 'treatment' factor in the first analysis without the 'alone' level. LR, likelihood ratio. species would be necessary to support the idea that competitive ability could also be a component of the selfing syndrome. Importantly, our results point to a stronger effect of polyploidy than mating system, which should be controlled for in future studies.
The possible causes of the association between competitiveness and outcrossing remain unclear (see discussion in Munoz et al., 2016) . A first possibility is the well-known colonization/ competition trade-off. In the short term at least, selfing is often associated with range expansion (van Kleunen and Johnson, 2007; Grossenbacher et al., 2015) and such a trade-off is typically expected to evolve during range expansion (Burton et al., 2010) . However, it is important to note that better colonizing ability can be an automatic effect of selfing without physiological costs for competitiveness, simply because it allows colonization of a new habitat with only one individual (no Allee effect). Alternatively, these results can be interpreted in the light of mutation load theory. Theoretical models predict that the ecological context, such as the intensity and nature of competition or environmental heterogeneity, can affect inbreeding depression and mutation load (Agrawal, 2010; Roze, 2012) . Experimentally, competition was shown to increase inbreeding depression (Cheptou et al., 2000 (Cheptou et al., , 2001 Yun and Agrawal, 2014) . Our results suggest that the same could be true for load, including the drift load due to weakly deleterious mutations differentially fixed between species, as observed between C. grandiflora and C. rubella (Brandvain et al., 2013; Slotte et al., 2013) . Thus, similar experiments need to be repeated in other species and conditions, and comparisons of the sensitivity to competition among populations of the same species with potentially different load would also be useful to test more directly the load hypothesis.
The difference between competitive effects experienced by the two selfers was stronger, more consistent and easier to interpret. The two selfing species present a similar genomic signature of relaxed purifying selection (Douglas et al., 2015) , so the observed difference could be partly explained by the masking of deleterious mutations due to genetic redundancy in the tetraploid species. Under disomic inheritance, pure redundancy is not predicted to be stable, except under specific conditions, and one copy is expected to be lost (Fisher, 1935; Nowak et al., 1997) . Yet, the time to loss of the redundant state can be long (Fisher, 1935; Kimura and King, 1979) and may not have been reached in C. bursa-pastoris for which the level of gene loss is low (Douglas et al., 2015) . Regarding the selfing/outcrossing comparison, the two species may also have evolved contrasting competitive abilities for other reasons. However, they have similar ecology and C. rubella evolved more recently than C. bursa-pastoris, from the ancestral (outcrossing) state. Moreover, C. bursa-pastoris appears to be a better colonizer than C. rubella. Thus, the colonization/competition trade-off hypothesis appears less likely.
Potential implications for the evolution of selfing species
Whatever the underlying causes, our results may help to understand the evolution of the different Capsella species and suggest implications for the evolution of selfing species in general. In line with the dead-end hypothesis initially formulated by Stebbins (1957) , selfing lineages are expected to arise frequently but to go extinct at a higher rate than outcrossing lineages. Such a 'live fast but die young' pattern has been well characterized in Solanaceae (Goldberg et al., 2010) and Primulaceae (de Vos et al., 2014) . The negative genetic effect of selfing (accumulation of deleterious mutations and reduced adaptive potential) could be one of the main drivers of selfing lineage extinction (e.g. Glémin and Galtier, 2012; Wright et al., 2013 ). Yet, despite strong evidence for genomic degradation (low genetic diversity, accumulation of deleterious mutations), the selfers C. rubella and especially C. bursa-pastoris appear more ecologically successful than the outcrosser C. grandiflora that exhibits very high genetic diversity, low genetic load and efficient selection (Slotte et al., 2010 Brandvain et al., 2013; Douglas et al., 2015) . Similar patterns were also observed in the genus Collinsia where selfing species showed evidence of genomic degradation despite larger species ranges (Randle et al., 2009 ). This could be explained by the time taken by negative effects of selfing to be effectively expressed, leading to increased extinction risk over time (Ho and Agrawal, 2017) . In addition, the ruderal habit of Capsella and other selfing species (Munoz et al., 2016) and their low competitive habitats allow mutation load to build up without demographic consequences if competition remains low (Agrawal, 2010; Agrawal and Whitlock, 2012) . The ecology of the three Capsella species partly matches these conditions. Although they can be found in sympatry, C. rubella and C. bursa-pastoris usually occupy smaller and more disturbed patches than C. grandiflora, which can be found in large and dense field populations (our personal observations).
To explain the increasing extinction risk over time, a recent meta-analysis also suggested that selfing species could experience diminishing niche breadth despite geographical expansion (Park et al., 2017) . This could be explained by the negative genetic effect of selfing mentioned above, but reduced competitive ability could also contribute to preventing their establishment in new, especially more competitive, habitats. One reason would be that the accumulated genetic load is expected to have stronger demographic impact under more competitive conditions (Agrawal, 2010; Agrawal and Whitlock, 2012) . In the long run, it could also contribute to explain how selfing lineages could 'senesce' in diversification rates (Ho and Agrawal, 2017) . If selfing species derived from outcrossing ancestors are rapidly trapped into restricted non-competitive habitats, subsequent newly formed selfing species (from already-selfing ancestors) would also inherit restricted ecological niches without benefiting from higher reproductive assurance compared to ancestors. Although still speculative, we suggest that scenarios that better integrate ecological strategies (including competitive ability) could help to resolve the paradox of selfing species that appear ecologically and demographically successful in the short term, but are an evolutionary dead-end in the longer term (Stebbins, 1957; Igic and Busch, 2013; Wright et al., 2013) .
Under such a scenario, polyploidy could buffer the negative effect of selfing and delay the extinction risk. This could contribute to explain the ecological success of polyploid selfing species, benefiting from the reproductive assurance of selfing without paying its full genetic cost, at least temporarily. The association between selfing and polyploidy (Barringer, 2007; Robertson et al., 2011) could be due both to the facilitation of the shift to polyploidy by selfing (Rodriguez, 1996; Rausch and Morgan, 2005) and to the reduction of extinction risk in selfers by polyploidy.
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